ABSTRACT To combat an increasing abundance of sucking insect pests, >40 pesticides are currently recommended and frequently used as foliar sprays on row crops, especially cotton. Foraging honey bees may be killed when they are directly exposed to foliar sprays, or they may take contaminated pollen back to hives that maybe toxic to other adult bees and larvae. To assess acute toxicity against the honey bee, we used a modified spray tower to simulate field spray conditions to include direct whole-body exposure, inhalation, and continuing tarsal contact and oral licking after a field spray. A total of 42 formulated pesticides, including one herbicide and one fungicide, were assayed for acute spray toxicity to 4-6-d-old workers. Results showed significantly variable toxicities among pesticides, with LC 50 s ranging from 25 to thousands of mg/liter. Further risk assessment using the field application concentration to LC 1 or LC 99 ratios revealed the risk potential of the 42 pesticides. Three pesticides killed less than 1% of the worker bees, including the herbicide, a miticide, and a neonicotinoid. Twenty-six insecticides killed more than 99% of the bees, including commonly used organophosphates and neonicotinoids. The remainder of the 13 chemicals killed from 1-99% of the bees at field application rates. This study reveals a realistic acute toxicity of 42 commonly used foliar pesticides. The information is valuable for guiding insecticide selection to minimize direct killing of foraging honey bees, while maintaining effective control of field crop pests.
such as the tarnished plant bug (Lygus lineolaris [Palisot de Beauvois]) and stink bugs (Acrosternum hilare [Say] , Nezara viridula [Linnaeus] , and Euschitus servus [Say] ), having a wide range of host plant species (Greene et al. 1999 , Lu et al. 2008 ). This pest status shift, coupled with the development of insecticide resistance in target insects (Zhu et al. 2004 (Zhu et al. , 2012 , has resulted in increased foliar sprays of insecticides to control the sucking insects. This also increase the risk of foraging honey bees coming into direct contact with insecticides. Currently, a variety of insecticides from at least four insecticide classes are available for pest control, including pyrethroids, organophosphates, carbamates, neonicotinoids, and other novel insecticides. More than 40 pesticides (including acephate, dicrotophos, thimethoxam, clothianidin, imidacloprid, etc.) are currently recommended by extension specialists for the chemical control of row crop (mainly cotton, soybean, rice, and corn) insects (Brandon and Robinson, 2014 , Catchot et al. 2014 , Krupke et al. 2014 , particularly a variety of insects (e.g., tarnish plant bug and stink bugs) on cotton (Catchot et al. 2014) .
Residues of >150 pesticides were detected at various levels in wax, pollen, bee, or honey (Johnson et al. 2010 . The possible relationships between honey bee colony losses and sublethal effects of pesticide residues have received considerable attention, and published data indicated that pesticide residues may pose either serious adverse impact (Di Prisco et al. 2013 , Larson et al. 2013 , Sanchez-Bayo and Goka 2014 or very low to no risk (Cutler and Scott-Dupree 2007 , Pilling et al. 2013 , Cutler et al. 2014 ) to honey bees. While the collective data from these studies has generally provided inconclusive results, however, many pesticides used in mid-south agriculture, such as dicrotophos and acephate, have high acute toxicity to honey bees. Yet, they have received relatively less experimental examination. In addition, when farmers come to select insecticides for insect pest control, it is difficult to determine which are relatively more or less toxic for honey bees, because very limited bee-toxicity warning is provided in pesticide use recommendation, or a similar or even identical warning is marked in pesticide labeling for most chemicals. Therefore, honey bees and other pollinators may be indiscriminately exposed to a variety of pesticides in row crops.
Previous assessments of pesticide acute toxicity to honey bees have mostly been made from topical application or using an artificial feeder with pesticides incorporated into sugar solution (Faucon et al. 2005 , Lu et al. 2012 , Hardstone and Scott 2010 . Insecticides can exhibit contact toxicity, systemic toxicity, and/or both toxicities (Thomson 1989 , Mahajna et al. 1997 , Fishel 2013 . One-time topical treatment with technical grade pesticide excludes continuous exposure via tarsal contact and oral licking after spray and ignores potential synergistic toxicity from formulating materials (Zhu et al. 2014 , Mullin et al. 2015 . Such tests may not provide adequate information about formulated pesticides for growers to choose that may be both effective to target pests and less harmful to honey bees if such products are available. Recent study evaluated the risk of a neonicotinoid insecticide to bumble bees and found clothianidin was hazardous to bumble bees after spraying (Larson et al. 2013 ) because foraging bees took the contaminated pollen. Thus, research is promptly needed to simulate foliar sprays to better understand the potential risk of pesticide exposure in the field because foraging honey bees are not only directly exposed to spraying pesticides, but also through multiple routes simultaneously including direct contact, inhalation, and ingestion (Johnson 2015) . To provide spray toxicity data and potential risk of field exposures, we simulated field spray and assessed toxicities of 42 commonly used formulated pesticides (Catchot et al. 2014 , Krupe et al. 2014 ) to honey bees, using a modified Potter Spray Tower.
Materials and Methods
Pesticides. A total of 42 formulated pesticides were examined for spray toxicity to honey bee workers, including 40 insecticides and miticides, one herbicide, and one fungicide. These studied were chosen from recommended crop protection chemicals listed in extension bulletins (Brandon and Robinson 2014 , Catchot et al. 2014 , Krupke et al. 2014 , recommendations from extension entomologists and pathologists, and direct information from cotton farmers. Pesticides used for these bioassays were provided by the manufacturers or purchased from local agro-chemical suppliers.
When multiple formulations made by different companies were marketed, the selection of a formulation for testing was based exclusively on availability without preference. All chemicals were stored at approximately 10 C in a refrigerator. Honey Bees and Cage Design. Colonies and brood were supplied by local beekeepers in Arkansas. Hives were inspected and certified to be apparently disease free by the Arkansas State Plant Board. Combs with >50% coverage of healthy brood were transferred to an incubator (33 6 0.5 C; 65% 6 3 RH) with no light. Twenty-five newly emerged bees were transferred to a cage and maintained at 33 C in an incubator for at least 4 d before being used for bioassays. The cage was made of a 500-ml round wide-mouth polypropylene jar (D by H: 9.3 by 10 cm). The lid of the jar was cut to make an 8.9-cm-diameter (d) hole and covered with 8-mesh metal screen to facilitate spray applications. Four holes were made at the bottom of the jar: two 1.27 cm (d) holes for bee entry and ventilation and two 2.54 cm (d) holes for holding sugar solution and water vials. A piece of plastic comb foundation (3.81 by 8.9 cm) was glued to the bottom and side of the jar for bees to congregate and reach the feeding vials. Each cage, containing 25 workers (4-6 d old), was supplied with a piece (1 by 1 by 2 cm 3 ) of Global Patties (purchased from Betterbee Inc., Greenwich, NY), and 20 ml each of sugar syrup (50%, V/V) and d-H 2 O in scintillation vials.
Modified Spray Tower. The Potter-Precision Laboratory Spray Tower was purchased from Burkard Scientific (Uxbridge, Middx, United Kingdom). For laboratory safety and working efficiency purposes, the spray tower was reconstructed with Plexiglas to fit into a fume hood. The modified spray tower, containing the original spray nozzle and nearly the same pressure air delivering and regulating systems as those in Potter Spray Tower, significantly reduces the time for sample handling and cleaning between chemicals. With the spray settings at volume ¼ 0.5 ml, air pressure ¼ 69 kpa (10 psi), and spray distance ¼ 22 cm, the sprayer delivers a stream of mist into the cage which forms a thin layer that uniformly covers all inner sides of the cage without forming visible droplets. Dose Response Bioassay. To obtain the median lethal concentration (LC 50 ) data, each chemical was diluted in d-H 2 O to 6-7 concentrations, plus a water (d-H 2 O) only as control. Bees at 4-6 d old were used for dose-response bioassays. Each cage (containing 25 bees) was treated as a replication, and three replications were used for each concentration. Dead bees were recorded before treatment, and cages with more than three dead bees were not used for bioassays. The modified spray tower at the setting described above was used to spray bees with 500 ml of pesticide solution. After spraying, bees were maintained at 33 C and 48-h mortality was recorded. For some slow action and/or low-toxicity pesticides, the incubation was extended to 7 d to ensure the 48-h mortality is truly representative.
Data Processing and Statistical Analysis. SAS (version 9.2) probit analysis (SAS Institute Inc. 2008) was conducted to calculate LC 50 (lethal concentration that kill 50% honey bee workers) values and 95% fiducial limits. Chi-square tests were applied to ensure the goodness-of-fit of the models. If a given bioassay failed the goodness-of-fit chi-square test, the experiment was repeated. Some pesticides have low toxicity to honey bees, and their 95% fiducial limits could not be calculated. The assays for these chemicals were repeated until similar mortality patterns were reached over a similar dose range.
Risk Assessment. LC 50 values are often used as a toxic parameter for revealing the comparative toxicity of chemicals tested. In field, pesticides are used at different rates or concentrations. Therefore, two chemicals having the same LC 50 s may pose different risks to foraging bees if they are used at different field concentrations. To correctly assess the risk of all 42 pesticides, we obtained the field use rates from extension recommendations (Brandon and Robinson, 2014 , Catchot et al. 2014 , Krupke et al. 2014 . A field use (or application) concentration (mg/liter) was calculated by dividing the field use rate by average use volume (e.g., 10 gallon per acre; Catchot et al. 2014 ) for each pesticide. The toxic risk of each pesticide to bees was assessed by using the ratio calculated by dividing the field use concentration by toxic parameter (LC 1 , LC 50 , or LC 99 to bees). If their ratios of field use concentration to LC 1 are less than 1, these pesticides are relatively safe to bees. If their ratios of field use concentration to LC 99 are greater than 1, those pesticides are highly toxic. The remaining pesticides may have intermediate toxicity to bees if their ratios don't fall into the low range or high range. The greater the ratio is the greater the risk to honey bees. In addition, each LC 50 value of all 42 formulations was converted to amount of active ingredient. Relative toxicity of the active ingredient to honey bees was ranked and compared to the toxicity rank of respective formulation.
Conversion of LC 50 to LD 50 . Honey bee workers (16 d old) were immobilized by placing bees in freezer (À20 C) until all bees fell to the bottom of cage (some bees with barely moving legs). Five bees (as a group) were weighed immediately before and after being sprayed with of d-H 2 O using spray tower. The spray volume, distance, and pressure were set the same as describe above. The sprays were repeated eight times with different bees. Average spray weight per bee was calculated by assuming 1 ml of d-H 2 O is equal 1 gram. In order to compare relative toxicity in term of active ingredient among 42 pesticides, the percentage of active ingredient from pesticide label was used to calculate LC 50 in active ingredient. LD 50 for either formulation or active ingredient was estimated by using average weight of spray solution deposited on each honey bee.
Results
Acute Spray Toxicity (LC 50 ). A total of 142 dose response assays were conducted. The assay was repeated at least twice for each pesticide to obtain overlapped 95% fiducial limits. LC 50 values and statistical analyses for all 42 pesticides are summarized in Table 1 . These chemicals showed a wide range of LC 50 values (Table 1) . Five insecticides had an LC 50 value below 100 mg/liter, suggesting higher toxicity to bees than those with higher LC 50 values. Thirteen insecticides had an LC 50 range from 100 to 300 mg/liter. Thirteen insecticides had an LC 50 range from 300 to 7,000 mg/liter and the remaining 11 chemicals had LC 50 values greater than 7,000 mg/liter. All 42 pesticides were sorted into ascending order according to their LC 50 value, while their toxicities to bees were in descending order in Table 1 because more toxic pesticides need less amount of the chemical to kill the same percentage (50%) of bees. The slope of the dose response curve indicates the sensitivity of honey bees to chemicals. The higher slopes indicate the greater sensitivity. Twenty-five pesticides had slopes between 1 and 2. Nine chemicals had slopes below 1, while eight pesticides, including all four organophosphorus insecticides, had slopes greater than 2.
Comparison of Different Toxicity Parameters. The average fresh body weight for 16-dold worker bees was 0.125 g. The average volume of pesticide solution deposited on each bee was 1.575 ml or mg per bee. By using these two numbers, lethal concentration (LC 50 : mg/liter) and lethal dose (LD 50 : mg/ bee) of formulation and active ingredient were obtained ( Table 2 ). The toxicity ranks of 42 pesticides were sorted by LC 50 s of formulations from 1, the most toxic, to 42, the least toxic pesticides. The toxicity ranks were also sorted by LC 50 s of active ingredient (column 5, Table 2 ). Re-calculating LC 50 s to active ingredient changed toxicity ranks substantially for some pesticides, and the toxicity of the chemical, different percentages of active ingredient in formulations, and other potential factors may account for the discrepancy (please see discussions). LC 50 s were converted to LD 50 s based on average weight of pesticide solution deposited on each bee and average fresh weight of bee body. Comparison of 12 LD 50 s from this study with corresponding 12 LD 50 s from Hardstone and Scott (2010) indicated that four insecticides had similar range of LD 50 s and other eight insecticides had different LD 50 s between our data and the data from Hardstone and Scott (2010) . Among the eight insecticides, five insecticides from this study had lower LD 50 s or higher toxicity and three insecticides had lower toxicity than the same insecticides from Hardstone and Scott (2010) .
Risk Assessment. The field-use rates recommended by the Delta Agricultural Digest (Brandon and Robinson, 2014) are different for different target pests, and have a range for one specific target. We used a median rate as the field use rate (oz./acre in Table 3 ) for each pesticide. Ratios of field use concentration to LC 1 or LC 99 were used as an indication of the toxicity risk of the various chemicals to honey bees. Results in Table 3 indicated that three chemicals (Acetamiprid, Etoxazole, and Glyphosate) had ratios of field use concentration to LC 1 less than 1, suggesting these chemicals are relatively safe to foraging bees because they may kill less 1% bees at the field use rate. When the field use concentrations were compared with corresponding LC 99 values, 26 chemicals (with gray background in Table 3 ) have a high risk of acute toxicity to foraging bees because these chemicals may kill more than 99% of bees at the field use rate. The remaining 13 chemicals may be considered to have intermediate toxicity risk to bees. They may kill 1 to 99% foraging honey bees at field use rate, and more bees are expected to be killed by chemicals that have higher ratios of fieldused concentration to LC 99 (Table 3) .
Discussion
Southern row crops, especially the cotton with longer blooming period, are frequently sprayed (Gore et al. 2012 ) from July to early September to control a complex of sucking insects and a few lepidopterans. Acephate and neonicotinoids are often used to control sucking insects because these insecticides may have both contact and systemic toxicities. To better protect honey bees and other pollinators, it is important to understand that 1) field sprays of pesticides may inevitably pose a risk to foraging honey bees and 2) the risk to honey bees could be minimized through the careful selection of pesticides having lower toxicity. To achieve this goal, one strategy is to screen commonly used pesticides and to determine which pesticides have low toxicity to honey bees. b Because the chi-square is small (P > 0.1000), some fiducial limits were not calculated by SAS.
In this study, we evaluated formulated pesticides with a spray tower application, to realistically simulate field spray situations rather than using a topical application of technical grade pesticides to measure contact toxicity. At a constant spray pressure and standard spray distance and spray volume, the spray tower delivers a stream of pesticide mist uniformly which covers the whole bodies of target honey bees and all the inner sides of the cage. Therefore, the spray tower application overcomes the disadvantages of the popular topical application which lacks continuous exposure to pesticide residues by bees through tarsal contact and oral licking, a real situation present in fields after they are sprayed. In addition, spray tower application takes advantage of the ability to generate pesticide vapor that may enter respiratory tracts to incur inhalation toxicity (Gerolt 1970) . The second novelty of the techniques used in this study was the selection of commercially formulated pesticides instead of technical grade (relatively pure) active ingredients. Using formulation or active ingredient may substantially change the toxicity ranking for many pesticides among the 42 pesticides tested in this study, due to the toxicity of chemical itself, concentration in the formulated pesticides, and potential interaction between active ingredient and formulating materials. However, formulated pesticides, not technical grade chemicals, are the only choice for farmers to protect their crops when chemical control is necessary. When exposure to field sprays becomes a serious issue in foraging bees, therefore, measuring comparative toxicity of formulated pesticides instead of active ingredient would be more important to include total toxicities from the pesticide itself, the formulating agents, and potential additive and synergistic interactions.
Our results make two major contributions to understanding variable acute toxicity to honey bees. First, the spray toxicity data for 42 commonly used pesticides in southern row crop systems help identify comparative toxicities to honey bees. These data provide valuable information for guiding the selection of chemicals in crop pest management to minimize risk to honey bees. The median lethal dose (LD 50 ) and median lethal concentration (LC 50 ) are commonly used parameters for measuring the toxicity of a substance (U.S. Environmental Protection Agency [EPA] 2004). We chose a spray tower method to treat honey bees to simulate the The second major contribution of this study is the risk assessment of the 42 pesticides to honey bees. Although the LC 50 is an important parameter which reflects the acute toxicity of a chemical, different insecticides may be used at different rates. The recommended field use rates for row crop insect control are significantly different from 0.83 to 125 oz./acre (Table 2) . Therefore, the risk of an insecticide to honey bees depends both on how toxic the chemical is and how much is used in field spray. Our risk assessment considered both acute spray toxicity (LC 1 and LC 99 ) of each pesticide to honey bee workers and recommended field use rate. The ratios of field application concentration to LC 1 or LC 99 values (Table 3) gave clear indication of low-risk pesticide to bees if the ratio to LC 1 is less than 1, or high-risk pesticides if the ratio to LC 99 is greater than 1. If the ratios were not included in these two categories, those pesticides are intermediate toxic to bees. Furthermore, our data provided a scale to measure the risk of each insecticide within each category, because the higher the ratio is, the higher risk to bees.
The risk is influenced by two factors, the field application concentration and the dose-response curve slope. In Table 1 , 42 pesticides are listed from 1 to 42 according to their LC 50 toxicity from the highest (number 1) to the lowest (number 42), whereas the corresponding risk (ratio to LC 99 ) did not follow the same order. While the first 22 pesticides (number 1-22) remained to be high-risk chemicals (killed >99% of test bees), four of the moderately toxic pesticides (number 26, 27, 28, and 31) from the moderately toxic group (number 23-31, classified according to LC 50 ranges as described above) shifted to high-risk chemicals, because high dose-response curve slopes (number 26, 27, and 31), high field application concentrations (number 27 and 28), and both (number 31) increased the risk of these chemicals to honey bees with ratios to LC 99 greater than 1. This is especially true for the higher use rate of carbaryl (number 27, Tables 1 and  3 ). The Gamma-Cyhalothrin (number 24) had relatively higher slope, but its low field use rate (1.67 oz./acre) still ranked this chemical as an intermediate-risk insecticide, suggesting the possibility to reduce bee mortality by decreasing field use rate.
In summary, an increased abundance of sucking insects, particularly on cotton, may trigger frequent foliar sprays that may pose a risk to foraging honey bees in the field and negatively impact developing brood in hives through contaminated pollen. This study was initiated to realistically simulate field sprays to assess the toxicity of 42 commonly used pesticides for row crop pest control. Our data, particularly the ratios of field application rates to lethal concentrations of each pesticide provide a quantifying scale to help extension specialists and farmers with pesticide selection to maintain effective control of target pests and minimize the risk to foraging honey bees as well. In addition, this study established a baseline and foundation for our future studies on the impact of sublethal doses of major concerning insecticides on honey bee physiology, including defense-, immunity-, stress-, and metabolic-related enzyme activities and gene regulations. This study will also facilitate our continuing research to understand whether pre-mixtures and tankmixtures of major insecticides with other insecticide classes, fungicides, and herbicides synergize toxicity to honey bees and negatively interact with other mortality-causing factors.
